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SYMBO IS

c chord, ft.

CI LrOiiofilt, drn1g co, f1ciont, e.g., Momentum deficit in wake

d'•le t"quivalenut: drag coefficient, Cd + C V./2VCZ

Ci lift co'efficient

C momentum coefficient, 6iV./qc

C pressure coefficient

D distance between trail edge and flap, inches

d profile drag, lbs.

d equivalent drag, lbs.

h/c dimensionless slot height

Aid equivalent lift-drag ratio
e

m mass efflux, slugslsec.

Sq dynamic pressure, lbs/fta

cr/ dimensionless edge radius

V isentropic jet velocity, ft/sec.

VW freestream velocity, ft/sec.

x/c dimensionless chordwise positions

angle of attack# deg

p mass density of air, slugs per cubic foot
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SUMMARY

An experimental program has been undertaken to develop circulation

control, high lift airfoils for rotary wing vehicle application. The basic

method used is to eject a thin jet sheet of air tangentially over the

rounded trailing edge of a thick airfoil, usually of modified elliptic cross

section. The jet sheet remains attached to the rounded trailing edge,

separating, eventually, on the underside. This report presents results for

"a twenty percent thick cambered ellipse. Lift, drag and section equivalent

lift-drag ratio data are presented which indicate that this model is one of

the most efficient high lift airfoils yet tested.
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INTRODUCTION

A study of high lift airfoils hsns indicated that the method of

ci rcutla tion control by tanglentinl blowing over a rounded trai.i. inL, edge

is more efficient than other schemes (Reference I). The purpos,, of [th,,

blowing is to energize the boundary layer in order to delay sepa-ltaron

caused by the adverse pressure gradient occurring near the ttin.ling edge.

The jet sheet remains attached due to thc Coanda effect, tlereby forcing

the separation point around the trailing edge. In this manner a small

amount of blowing causes a large change in section lift coefficient.

The present model was designed with the pressure distribution,

blowing slot, and radius of the trailing edge chosen in order to optimi•e

efficiency at zero degree angle of attack. The detailed design of this

modet is based on experimental and theoretical considernation discussed

in References I and 2.

MODEL AND TEST APPARATUS

This test was conducted basically as a low speea, two-dimensional,

conventional testing program. However, numerous modifications had to be

made to the model, testing apparatus, and data reduction procedures to

account for the peculiarities of operation at high lift.

MOI)E L

The model airfoil cross section was a 20 percent thick ellipse

with a 5 percent circular camber line. The chord of the true 20 percent

ellipse was eight inches; however, the trailing edge was rounded to a

radius of 0.41 inches, which yielded an actual chord of 7.81 inches (20.5

percent thickness). An imbedded blowing slot was located at 97.3 percent

chord. A slot height of 0.01 inches was used for all runs. This height

was selected to maximize the jet velocity ratio Vj /V,, but was also

large enough to preclude choking over all but the highest values of C L
L.

Tile span of the model was the entire tunnel width, 15 inches. A detailed

discussion of the effect of slot height, slot position, trailing edge

radius and other effects are included in Reference 2.

A cross section of tile model showing geometry and construction is

shown in Figure I. The model upper and lower surface were made of fiber-

glass and were joined at the leading and trailing edge with a soft epoxy
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compotudl which facilitated alterations. The surface was finely finished

usiu, number 600 sandpaper. VTe upper surface was fitted with a steel

blnde wihich can be seen in a photograph of the model in Figure 2. This

blade was flexed with jacking screws in order to adjust the blowing slot

height. ilowever, the blade was stiff enough that it did not distort over

15 percent under the maximum internal pressure (nominally 30 psig). The

blade was undercut in order to allow ttue jet to leave parallel to the

surface; to allow the jet to converge continuously to the slot exit and to

reduce any "dead air" region occurring due to the finite blade thickness.

The trailing edge incorporated a relatively large radius of curvature,

r/c - 0.041 which was very effective in keeping the jet sheet attached.

Augmentation air entered the model through both the tunnel walls by expan-

sion cones, constructed so their terminal shape matched that of the model

duct. The cones were scaled to circular plexiglass plates that allowed

the angle of attack of the model to be varied. The model was in turn

sealed to these rotatable end plates. Air entered equally from both ends

in order to assure constant spanvise momentum distribution from the slot.

7M model was fitted with two additional plenum and blowing slots,

one at each end of the span, extending slightly more than one-half inch

inboard. The use of'the "tip jets" in retaining the tWo-dimensionality

of the flow by controlling the tunnel wall effect is described in Reference 1.

TEST APPARATUS

The wind tunnel used for this test was the NSRDC 15 x 20 inch

subsonic tunnel with a 16:1 contraction ratio. This tunnel has a partially

open test section so that there was a negligible longitudinal static

pressure gradient. The test section wails were made of plexiglass to

permit flow visualization with tufts and oil- flow. Photographs of the

model installed in the test section are shown n Figure 2.

Hodel lift was meaeurOc by the integrated lift reaction of 46 floor

and ceiling pressure taps running the entire three foot length of, the test

section. However, because of the far field streamline disturbance, a

portion of the pressure distribution fell beyond the forward and aft taps.

The amount of truneation ooreetion was determined theoretically by the

method of imges to be 13 perent for a1l lift eemd.410ms. ConveatAoul
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sotjid bltýociýcge corrccti.ons were also 8jbpii( to the tninc, 1 data.i. ;No

mteasisurceent of the pitching movci,' nL was attcJlted.

Special attention was given to the measuremcnct of drag of thc' hWi

lift model. A drag rake was preferred to a balance system for two Thor-

tant rcasons. First, the high lift coc[Lficients could rcsiiIt ii. a1 large,
CIV.ponent of induced drag that would be mecatsured by a bhalanec sy! tetn (if

the tip jets did not remove ,all three dimensional eftccrs). Sccoind hc-ar~ e

of b]t.,*ing air thrust, the metasured drag approached zero, which could c~iu.,c

inaccurate results in this range due to balance tares and hystezrcsis. The

rake used has 55 total pressure tubes and 8 static tubes in a height of 1.8

inches, thus providing sufficient tube density to yield accurate results.

At very high lift coefficient (CL 6), the wake deflection angle approached

30° (as estimated by tufts). To compensate for any angularity errors the

rake was inclined 100 to the free stream. This compromise resulted in

approximately five percent maximum error for both free-stream and wake

readings. The method of Jones (Reference 3) was used to calculate drag from

the rake data. It should be noted that a correction of -rhV, must be added to

the calculation to correct for the additional mass efflux from the jet.

Other quantities measured include model plenum pressure, temperature

and mass rate of flow (calibrated for Reynolds number effects). The jet

velocity$ Vi. was determined by isentropic expansion from the plenum prc..surc
to tunnel stat;ic pressure. All pressure data were recorded by a 144 t~ube

stean-valve recorder.

DISCUSSIONl

Dr.SICN CONSIDERATIONS

The primary design consideration for this model was the generation of

high lift coefficient with maximurw overall efficiency. The efficiency can

be described by the equivalent lift-drag ratio, LKd v A£/(CdC Vj/2V, 4CVV

From previous tests on several uncambered ellipse models (Reference 1) it

was deduced that for low values of 0esign lift coefficient (CA < 2.0) and

at low angle of attack the momentum drag. Cd, would be close to soro. Also

at the corresponding low blowing coefficients the Jet velocity ratio, V /V%9

would be appracimately 2.0. Thus the equivalent lift-drag ratio would bo

near optimum when the lift augmentation ratio, C A A CA was maximized.
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*t' Ie, :ci<' I" ;, w,:l-. p redica Lcd on L.;ico. above. c o l-;idereat ioi. The model. %.;:a

I t i-- .(I ý I cd For mnaxnimum Ii f L aliginentat Lon (o plt mLm efficienicy) at:

.',re ;:T I e or act'ack and lift coefficient between 1.0 and 2.0. Off

di,-iga c ompromisces necessitated by operaLion at other angles of attack

and/or very high C.I were not considered. Lift, drag, and efficiency

rest I;s are presented herein for the basic airfoil model performance tests.

Res'ults; from several related tests are also presented. These include a
h1ystere1sis Study, reversed flow test, leading edge slot simulation, and

"prelimi.nary tes:ts of a two-dimeusional circulation control wing concept.

The variation of lift coeflicient with momentum coefficient and

angle of attack is shown in Figure 3. The airfoil developed a lift

-coefficient of 0.5 at zero angle of attack and no blowing. With a small

amount of blowing (C 0.05) at zero angle of attack a lift coefficient

o( 3.1 was generated. This would correspond to an extremely high lift

augmentation ratio of A C C1 = 52 for this condition. At negative

angle of attacak (a = -5°, -100) the augmentation ratio remained approx-

iiately the same. However, at positive angle of attack (o = +5°, +100) a

sudden reduction in lift augmentation occurred. The a = +50 condition

ilicreased initially and then abruptly changed slope while at a -+I10° the

augmentation remained poor.

These seemingly anolmalous results can be explained by reference to

potential flow pressure distributions shown in Figurn 4. The optimum IJ.Ot
locaition wis de~ermined for C1 - 0' to be x/c 97.3 percent for a trailing'

edge radlus-chord ratio of 0.04 and C, 0 1.5. This location prevented

trailing edge separation at high liff coefficient (C" 3.0) due to the
extreme adverse gradient extending from x/c a 97.5 percent. Furthermore,

"the favorable gradient immediately upstream of this point insured that no

upstream separati.on would occur. The relatively low leading edge Ruction

pressu.re and moderate leadIng edge udverse pressure gradiant wore insuf-

ricient LO CAUSQ a laminar bubble formation and eventuai flow separation

until very high lift coefficients (C, A 6) were reached..

Again referring to the potential flow results in Fig re 4,,.it may be

soen that at low lift coefficients (C• 0 1.0) an adverse p seure gradient

S!I
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extends ,Aft of the 50 percent chord. H[owever, the gradilent dov, i not

l.t'C011h. :;1,4141.1 (1o11gI to catis;t :ývpa r;,tion , inL.H il ,lIn reaching, h1:1f. 97.5

l,,,crlt chord Ct:;itt.on :;o t:hat in thin CaeI, the, 91.*3 prevI.nt slot lpo1 11:1 on

was also adequate. Moreover, due to the smaller magnitude of the gradient

(compared with C f 3.0 for example), the turbulent shear stress was

reduced causing the coanda jet to work more efficiently. At very high

values of lift coefficient (C2  6) the leading edge suction peak and

adverse gradient created a small laminar separation bubble which decreased

the peak suction value, thus reducing the lift and thrust contribution of

the nose.

With the preceding theoretical considerations in mind the poor

positive angle of attack performance can be surmised. Figure 5 shows the

potential calculation for Y = 100. It may be readily seen that the entire

airfoil was subjected to an adverse pressure gradient. Stall occturred

immediately at low lift coeffic'.ent (C• 1.0). Due to this up stream

separation the jet was very ineffective and generated lift augmentation

-only over the coanda surface at the trailing edge.

Although the model was not pressure tapped, the above description

is believed accurate due to the near inviscid pressure distribution which

is characteristic of circulation control airfoils. It is further validated

by the drag data shown in Figure 6 and by oil and tuft observations on the

model. It should be noted, hovever, that the model was designeic for a

helicopter rotor section operation at zero and slightly negative angle of

attack. For operation at positive angles (an unlikely requirement), the

slot would have been moved closer to the leading edge, thereby, preventing

separation by the mechanisms of boundary layer control 'nd flow entrain-

ment, albeit at the loss of some lift augmentation and efficiency.

The maximum lift coefficient obtained is somewhat in doubt bccoase

a tunnel flow phenomena known as "incipient stagnation" (Reference 4) may

have occurred. Due to the extremely large jet deflection angles generated

at high lift coefficients, the jet wake partially impinged on the floor.

Simultaneously, a rapid buffeting on the model occurred indicating a pos-

sible leading edge stall. If the flow impingement wee sufficient, a large

unsteady vortex could have periodically formed under the model also causing

a buffeting. In the latter case, the measured lift would be reduced by the

S
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],V�-,,:,0' v ortcX. hl U hicnomeo3a Ls; in agreement with other Lt] I

o I. L 'ia p w~ill),u in grouiid cfecL.

DRAG

TCio sccLioii drag cliaracteristic, are shown in Figure 6. The data

arc prociciitOd fol" C1  0.06 and C 0.1.0 where accurate integration of

the wake ,airvoy is possible. At blowing coefficients greatedlhan approx-

imately C 0.10, the wake began, to impinge on the tunnel floor and

partially entrained the floor bpundary layer. At values of C above 0.06,
d .6

the wake filled the entire rake. Both of these considerations made it

difficult to determine drag precisely beyond their respective limitations.

It can be noted that the airfoil exhibits very low, even negative,

drag coc:i-icienlts in the design range (i.e., 1.0 • C• A 2.0; -50 ` c 0;

corresponding to .005 C .03). The thrust recovery factor, ACd/ L C

gradually decreased with blowing. This phenomena was probably due to a

rapid initial reduction in separation drag (base pressure drag) followed by

increasing mixing losses and lower wake energy levels associated with the

higher jet detachment angles. If the detachment angle were fixed by a vane

or small radius trailing edge the jet sheet would leave the model with a higher

energy level and hence would exhibit even greater thrust recovery (as in a blow"

blown flap), albiet at the loss of lift augmentation.

The model was tested at a Reynolds number of 560,000, characteristic

of a rotor or low speed wing. It is likely that at low lift coefficients

the transistion point may have varied. However at CA > 3.0 oil studies

indicated a small laminar bubble formation which would force transistion

at the leading edge. This phenomena also reduced the peak suction thereby

roducing the suction thrust.

1U{*.YNOL1M` NUMBER

two Reynolds number. 560,000 and 890,000, were run at zero angle

t it ý.I.ak. No differences were observed in the C, versus C relationship.

ThiN is not to suggests however, that there is no Reynolds number effect

prL•amn but rather, that no significant effect occurred in the rather

sai1 ll testing range available in the wind tunnel. Certainly the energy

concQnt of the upstream boundary layer should have an isportlant £rt•'i•ce

6



on the blowing requirement. Furthermore, the coanda separation is

lairgely influenced by the lower surface separation location and separation

* - bubble pressure. Significant Reynolds number effects on other models are

discussed in Reference 2.

oil flow studies showed a clearly defined laminar separation bubble

occurring at the leading edge only about one percent chord in length. This

would be expected at high lift coefficient where the sharp suction peak and

adverse pressure gradient occurred (Figure 4). The flow appeared to reat-

tach as a turbulent boundary layer after this point (noted by a thinning of

the oil. Film) . it tis thierefore qt itt- 1.11ely thnit over mnost of the lift

o, C- .e11 Ie.1 raluge the upper surface Iokindahry lnyer wat; turb)ulent from al)out

5 percent chord aft.

HYSTERESIS STUDY

Previous investigations of uncambered 20 percent ellipsis (Reference

1) have noted that various types of flow separation can occur depending on

the angle of attack and blowing coefficient. For example, at fixed angle

of attack with increasing blowing, a leading edge stall would occur due to

a bubble formation. However at constant blowing and increasing angle of

attack a thick airfoil type stall occurred. In order to quantitatively

study these phenomena the present model was tested both ways. The cross-

plotted results shown in Figure 7 indicate that no important hysteresis

effect exists on this particular model.

A more classical type of hysteresis also considered possible was

simply a "loop" in the CA versus o curve. This phenomena was not noticed

implying that the Jet sheet has a strong stabilizing effect on the flow

even under separated aonditions.

EQUIVALENT LIFT-DRAG RATIO

In order to properly compare this airfoil with other high lift

devices it is necessary to compute the total power requirement or efficiency.

The use of an equivalent lift-drag ratio is proposed, herein, for all future

airfoil comparisons. The equivalent drag is defined as follows:

d* + A&Val/2v% +d

* 7
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Where d is the moment um deficit m~easure in the wake

and •V 2/2V is the kinetic energy flux from the

nozzle and expanded to freestream velocity.
The third term, riV, represents a momentum drag which could be incurred

when bringing the freestream into an air intake. This term is actually

pessimistic becuase an actual aircraft would not necessarily have to pay this

"ram drag" penalty, i.e., the air could enter the intake at considerably lower

velocity than that which the section experiences.

In terms of dimensionless coefficient the equivalent lift-drag ratio

is given by:

1/d C,/(Cd + CVj /2V + CV/V )e A d ' j 0 m  .1

This ratio is plotted•::in Figure 8 against section lift coefficient

for three angles of attack (-5 5 a S +5). It may be seea that maximum

values of about AMde a 90 at lift coefficients of 1.5 are developed. These

results are very significant in that they are far superior to other high

lift airfoil systems JReference 1). Furthermore, the results are very

competitive with lift-drag ratios of conventional rotor sections such as

the NACA 0012 airfoil operating at lower lift coefficients.

LEADING EDGE SLUT

The effect of a raised, 0.01 inch simulated slot at the leading

edge was investigated briefly. Figure 9 showns the test results where the

primary effect was to decrease the lift with no blowing. This would imply

that an imbedded slot configuration without any abrupt curvature changes'

would be necessary to prevent a lift loss lereversa, flow if a rotor with

leading and trailing edge slots were used.

REVRS E BLOWING

The airfoil was tested in a reverse flow condition at sero angle of

attack as shown schematically in Figure 10. With zero blowin8, a lift

cnffitcient of apprtaimataly 0.24 was developed, similar to the leading

cdge trip tests. With increasing blowing, a highly non-linear lift variation

developed$ gradually decreasing an magnitude.

S|



v.,-tcULATION CONTROL WING

To investigate the feasiblity of a high lift wing section, a model

with a 15 percent chord trailing edge flap was tested. The flap was

arranged in such a manner as to float behind the wing in line with the

local free :streamline-.. It was intended as a high speed fairing which

truncated the airfoil to help keep the center of pressure forward. The

sjilng bIet:we,,n the trai I hit,, ledge iind (he .I•iii11 wi var-ied in ore, toi L

ot:,''etl-lI tint It € Us kFe et oi L I the v ii ra 1 miiiitaL o Iat I. r arotihd I. he r~i. ttfld (I L'ra fI iII'

edge. Figure 11 shows the results of these tests where it may be :cen

that definite flap proximity effects occurred and were minimized only by

an impractically large displacement of the flap position.

These results implied that the flap should be retracted into the

airfoil rather than displaced from the trailing edge. Several methods

of achieving this effect are currently under study. One of these, a "split

coanda flap", is shown in smoke flow in Figure 12. Two trailing edge radii

corresponding to 4 percent and 8 percent of chord were studied. The 8

percent radius exhibited a strong up' flow which implied a considerable

reduction in lower surface pressure resulting in reduced lift augmentation.

The 4 percent radius gave higher lift augmentation and hence was selected

for further study.

CONCLUSIONS

0 A circulation control airfoil for helicopter rotors has been

tested which generated very high equivalent lift drag ratios at lift

coefficients from 1.0 to 2.0. This performance is believed superior to

all other current high lift systems.

0 A maximum section lift coefficient of 6.30 was obtained for a

blowing coefficient of 0.23 thus demonstrating higher lift augmentation

than previously obtained.

a The airfoil operated very satisfactorily at its design angle of

attack, a a 0° and negative angles of attack. At positive angles a flow

separation occurred due to the extrame aft slot position. This separation

seriously degraded the airfoil performance so that operation in this range

Was not advanutaeous with this slot position.

9



0 Initial investigations of a high lift wing section substantiate

the feasiblity of wing circulation control but indicate a retractible

type trailing edge is preferable to a "free floating" flap.

Department of Aerodynamics
Naval ship Researth .l Development center
VWahington$ Do 0, 200l

£mtst 1970
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(a) Four Percent Trailing Edge Radius/Chord, Drooped

Leading Edge., C~ 4.

(b) light Percent Radius/Chord, 350 Drooped

Leading Edge, c~ 4 .9

ipire ý12 Smok~e Tunnel Photographs of Circulation
Control Wing Modelsý
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